Electrocatalytic oxidation of ascorbic acid (AA) at a carbon paste electrode, chemically modified 2,2¢-[3,6-dioxa-1,8-octanediylbis(nitriloethylidyne)]-bis-hydroquinone, was thoroughly investigated. The results of cyclic voltammetry, double potential-step chronoamperometry, linear sweep voltammetry and differential pulse voltammetry (DPV) studies were used for the prediction of the mechanism of electrochemical oxidation of AA mediated with 2,2¢-[3,6-dioxa-1,8-octanediylbis(nitriloethylidyne)]-bis-hydroquinone at the surface of the modified electrode. The diffusion coefficient (D = 2.45 ¥ 10 -5 cm 2 s -1 ) and the kinetic parameters such as the electron transfer coefficient (a = 0.34) were also determined. The results of DPV using the 2,2¢-[3,6-dioxa-1,8-octanediylbis(nitriloethylidyne)]-bis-hydroquinonemodified electrode were applied in a highly sensitive determination of AA in drug samples. A linear range of 3.0 ¥ 10 -6 -1.2 ¥ 10 -4 M and the detection limit (3s) 3.8 ¥ 10 -7 M were obtained for DPV determination of AA in buffered pH 7.00 solutions (0.1 M phosphate buffer). 
Introduction
Ascorbic acid (AA) or vitamin C is present in many biological systems and in multivitamin preparations, which are commonly used to supplement inadequate dietary intake. AA has been used for prevention and treatment of common colds, mental illness, cancer and in some clinical manifestations of HIV infections. In addition, it is widely used in foods as an antioxidant for the stabilization of color and aroma, with subsequent extension of the storage time of the products. [1] [2] [3] Therefore, it is essential to develop simple and rapid methods for its determination in routine analysis. However, it is very difficult to determine AA directly at ordinary (carbon or metal) electrodes, because of its large overpotential and consequent fouling by oxidation products. 4, 5 Therefore, some chemically modified electrodes with various active mediators immobilized at the electrode surface have been used for the catalysis of electrooxidation of AA. [6] [7] [8] [9] [10] These include a glassy carbon electrode (GCE) and a carbon paste electrode with complexes and organic compounds, such as cobalt hexacyanoferrate, 11 ruthenium(III) diphenyldithiocarbamate, 12 cobalt pentacyanonitrosylferrate, 13 ferrocene with b-cyclodextrin, 14 ferrocenecarboxylic acid, ferroceneacetic acid, ferrocenemetal, 15, 16 poly(malachite green), 17 benzoquinone, 18 norepinephrine, 19 Ni[Me2(CH3CO)], 14 tetraenoN4 complex, 20 and aniline. 21 Carbon paste electrode (CPE) is one of the convenient conductive matrixes that allow one to prepare the chemically modified electrodes (CMEs) by simple mixing of graphite/binder paste and modifier. 22 A carbon paste electrode was first reported by Kuwana and French in 1964, and has been applied until now for preparing of chemically modified electrodes for several purposes, such as electrochemical sensors for the analysis on biologically important compounds and for electrocatalysis. These kinds of electrodes are inexpensive and possess many advantages, such as low background current, wide range of available potentials, easy fabrication, and rapid renewal. 23 To construct chemically modified carbon paste electrodes, researchers have used various modifiers, such as organometallic compounds, for example, ferrocenes, phthalocyanines and several organic mediators, including quinines and phenothiazine.
We found that derivatives of hydroquinone compounds have been used for electrocatalysis of AA. 18 This fact allows the design of a new electrocatalytic scheme for AA determination. In this paper, we report the electrochemical behavior of 2,2¢-[3,6-dioxa-1,8-octanediylbis (nitriloethylidyne)]-bis-hydroquinone (Scheme 1)-modified carbon paste electrode (DOHMCPE). Also we found that a DOHMCPE possesses high stability and good electrocatalytic activity toward the electrocatalytic oxidation of AA. In addition, we discuss the suitability of this modified electrode in the voltammetric determination of AA in an aqueous solution by linear sweep voltammetry and 1040 ANALYTICAL SCIENCES AUGUST 2008, VOL. 24 differential pulse voltammetry and chronoamperometry. The prepared modified electrode was successfully applied for determination of this compound in the pharmaceutical samples.
Experimental

Reagents and materials
2,2¢-[3,6-Dioxa-1,8-octanediylbis(nitriloethylidyne)]-bis-hydroquinone has been synthesized in our laboratory and characterized by physical and spectroscopic data. Ascorbic acid was from Fluka. Graphite fine powder and viscous paraffin were obtained from Merck and used as received. All other chemicals used in this investigation were of analytical grade. All solutions were prepared with twice distilled water. The buffer solutions (0.1 M) were prepared from orthophosphoric acid in the pH range of 2.00 -12.00 and the pH was adjusted with 2.0 M NaOH. Each AA solution was prepared just prior to use and all experiments were carried out at the ambient temperature of the laboratory (ca. 25˚C).
Synthesis of 2,2¢-[3,6-dioxa-1,8-octanediylbis(nitriloethylidyne)]-bis-hydroquinone
To a mixture of 2,5-dihydroxyacetophenone (0.3 g, 2 mmol) in methanol was added 3,6-dioxa-1,8-diaminooctane (0.136 g, 1 mmol) by stirring in one portion. The mixture stirring is continued for 60 min. The progress of the reaction was monitored by TLC. After the completion of the reaction, a yellow substance was precipitated. The solid product was filtered off and washed with cold methanol. The obtained crude product was recrystallized in methanol and the 2,2¢- [3,6- 
Procedures
Injection. A 0.5 mL ampoule volume was transferred to a 50 mL flask and diluted to volume with phosphate buffer. A 0.2 mL portion of the solution was diluted in a voltammetric cell to 10 mL of 0.1 M phosphate buffer (pH 7.00), and the voltammogram was recorded. Effervescent C tablets. A 0.06 g portion of a finely powdered sample was dissolved in a 10 mL flask with phosphate buffer. A 0.1 mL portion of the solution was diluted in a voltammetric cell to 10 mL of 0.1 M phosphate buffer (pH 7.00), and the voltammogram was recorded. Iodine titration method. A 0.05 M iodine solution was standardized in the usual way with a primary standard of As2O3 or titrisol thiosulfate solution. For a pharmaceutical analysis, an iodometric procedure described in the US pharmacopoeia (USP) was used. 24 
Modified electrode preparation
The unmodified carbon-paste electrode (UCPE) was prepared by mixing graphite powder with an appropriate amount of paraffin and through hand mixing in a mortar and pestle. After complete mixing, a portion of the composite mixture was packed into the end of a glass tube. Electrical contact was made by forcing a copper wire down into the glass and into the back of the composite. The surface was smoothed on a piece of conventional paper. The new surface can be obtained by pushing an excess of paste out of the tube, removing the excess, and polishing again mechanically the electrode surface. For DOHMCPE preparation, a mixture of 2,2¢-[3,6-dioxa-1,8-octanediylbis(nitriloethylidyne)]-bis-hydroquinone modifier and graphite powder (1%, w/w) with a total weight of 1.00 g was transferred to the mortar and pestle and then homogenized by adding of 2.0 mL of chloroform. The solvent was evaporated in room temperature (for 1 h). A 1:1 (w/w) mixture 2,2¢-[3,6-dioxa-1,8-octanediylbis(nitriloethylidyne)]-bis-hydroquinonespiked carbon powder and paraffin oil was blended by hand mixing paste. The resulting composite was applied as MCPE.
Instrumentation
A potentiostat/galvanostat (SAMA 500, electroanalyzer system, Iran) was used for carrying out the electrochemical experiments. A modified carbon paste electrode was used as the working electrode. A platinum wire was employed as the counter electrode and Ag/AgCl electrode served as the reference electrode. All potentials are given with respect to the Ag/AgCl electrode. The pH was adjusted with a Metrohm Model 691 pH/mV meter.
Results and Discussion
Electrochemical properties of DOHMCPE
The electrochemical properties of DOHMCPE were studied by cyclic voltammetry in pure buffered aqueous solutions. Cyclic voltammograms of DOHMCPE in 0.1 M phosphate buffer solution (pH 7.00) exhibit anodic and corresponding cathodic peaks with Ep a = 0.2 V and Ep c = 0.125 V vs. Ag/AgCl electrode. The experimental results show a quasi-reversible behavior for a redox couple of DOHMCPE in a buffer solution, because the peak separation of potential, DEp (= Ep a -Ep c ) is greater than the value of (59/n) mV expected for a reversible system. In addition, the effect of the scan rate of the potential on the electrochemical properties of the DOHMCPE was studied in an aqueous solution by cyclic voltammetry (Fig. 1) . Plots of the anodic and cathodic peak currents were linearly dependent on the sweep rate (v) with a correlation coefficient of 0.9937 at all scan rates (v = 2 -1000 mV s -1 ) (Fig. 1A) . This behavior indicates that the nature of redox process is diffusionless-controlled. The apparent charge transfer rate constant, ks, and the charge transfer coefficient, a, of a surface-confined redox couple can be evaluated from cyclic voltammetric experiments and by using the variation of anodic and cathodic peak potentials with logarithm of scan rate, according to the procedure of Laviron. 25 Inset B of Fig. 1 shows the variations of peak potentials (Ep) as a function of the logarithm of the potential scan rate. We found that the Ep values are proportional to the logarithm of the potential scan rate, for scan rates higher than 300 mV s -1 (Fig. 1, inset B) . The slope of Fig.  1C plot can be used to extract the kinetic parameters ac (cathodic transfer coefficient) and aa = (1 -ac) (anodic transfer coefficient). The slope of the linear segment is equal to -2.303RT/anF and 2.303RT/(1 -a)nF for the cathodic and anodic peaks, respectively. The evaluated value for the anodic transfer coefficient (aa) is 0.66. Also, the following equation can be used to determine the electron transfer rate constant between modifier and CPE:
where (1 -a)na = 0.34, v is the sweep rate and all other symbols having their conventional meanings. The value of ks = 3.71 s -1 was evaluated using Eq. (1).
Effect of pH
Since the voltammetric behavior of DOHMCPE is dependent on the pH value, we therefore studied the voltammetric response of a modified electrode in buffer solutions of varying pH from 2.00 -12.00 (Fig. 2) . As can be seen in Fig. 2 , the formal potential (E o¢ ) decreased by increasing the pH value, and the slope of E o¢ vs. pH is -50.45 mV/pH unit, which is very close to the anticipated Nernstian value for a two-electron two-proton process. Also, there is no change in the slope for pH values from 2 to 12. The peak current at pH 7.00 was high to other pHs, therefore, we chose this pH as the optimum solution pH to carry out the voltammetric and chronoamperometric determination of AA.
Stability of DOHMCPE
The electrode capability for the generation of a reproducible surface was examined by cyclic voltammetric data obtained in optimum solution pH from five separately prepared DOHMCPE. The RSD calculated for various parameters can be accepted as the criterion for a satisfactory surface reproducibility (1 -4%). This degree of reproducibility is virtually the same as that expected for the renewal or ordinary carbon paste surface. In addition, the long term stability of the DOHMCPE was tested over a two-week period. When CVs were recorded after the modified electrode was stored in an atmosphere at room temperature, the peak potential for AA oxidation was unchanged and the current signals showed only less than 2.7% decrease of the initial response. The antifouling properties of modified electrode toward AA oxidation and its oxidation products were investigated by recording the cyclic voltammograms of modified electrode before and after using in the presence of AA. Cyclic voltammograms were recorded in the presence of AA after having cycled the potential for 15 cycles at a scan rate of 50 mV s -1 . The peak potentials were unchanged to positive values and the currents decreased by less than 2.7%. Therefore, at the surface of DOH, not only does the sensitivity increase, but the fouling effect of the analyte and its oxidation product also decreases. However, we regenerated the surface of DOHMCPE before each experiment.
Electrocatalytic oxidation of AA at the surface of DOHMCPE
The utility of the modified electrode for oxidation of AA was evaluated by cyclic voltammetry. The cyclic voltammetric responses of an unmodified carbon paste electrode in 0.1 M phosphate buffer (pH 7.00), without and with AA in solution, are shown in Fig. 3 (curves a and b respectively) . If the electrode is modified with 2,2¢-[3,6-dioxa-1,8-octanediylbis-(nitriloethylidyne)]-bis-hydroquinone and then placed into the same AA-containing electrochemical cell, a large anodic peak is observed without a cathodic counterpart (Fig. 3, curve d ). That the current observed is associated with AA oxidation and not with the oxidation of surface-attached DOH is demonstrated by comparing the current in Fig. 3 , curve d with those in Fig. 3 , curve c, which shows the cyclic voltammetric behavior of an electrode modified with DOH in an AA-free electrolyte (0.1 M phosphate buffer with pH 7.00). It is apparent that the anodic current associated with the surface attached materials is significantly less than that obtained in the solution containing AA. As can be seen, electrocatalytic activity toward AA on modified electrode was significant (Fig. 3, curves c and d) , with a strongly defined peak potential, around 160 mV vs. Ag/AgCl electrode. Thus, a decrease in over-potential and enhancement of peak current for AA oxidation are achieved with the modified electrodes. The comparison of curves c and d (Fig. 3) shows that the anodic peak current of mediator was greatly increased in the presence of AA over that ordinarily observed just for the DOH redox couple spiked in carbon paste electrode, while the corresponding cathodic peak disappears on the reverse scan of the potential.
The results show that ascorbic acid oxidation at an unmodified carbon paste electrode occurred irreversibly with a peak potential of 540 mV vs. Ag/AgCl (pH 7.00), while its oxidation potential at the DOH appeared at 160 mV vs. Ag/AgCl. The oxidation of AA at the surface of the DOH occurs at a potential about 380 mV less positive than that at an unmodified carbon paste electrode. This value is comparable with values reported by other research groups for electrocatalytic oxidation of AA at the surface of chemically modified electrodes by other mediators (Table 1) . [26] [27] [28] [29] [30] 
Effect of scan rate
The scan rate dependence of cyclic voltammograms for the DOHMCPE in 0.1 M phosphate buffer solution containing 1 mM AA is presented in Fig. 4 . It can be noted from Fig. 4 that, with an increasing scan rate, the peak potential for the electrooxidation of AA shifts to more positive potentials, suggesting a kinetic limitation in the reaction between the redox sites of DOH and AA. Figure 4A shows that a plot of the catalytic peak current versus the square root of the sweep rate is linear at all scan rates (2 -100 mV s Fig. 4A ) and the following Eq. (2), 31 the number of electrons participating in the redox process between modifier and ascorbic acid (n) was calculated.
Here (1 -a)na = 0.66 (as obtained in the below from the Tafel plot), A, D and C are the electrode area (cm 2 ), diffusion coefficient (cm 2 s -1 ) and substrate concentration (mol cm -3 ) respectively. The value obtained for n is 2 (n @ 1.7).
Linear sweep voltammetry
A Tafel plot is also a useful device for evaluating kinetic parameters. Fig. 5 . The number of electrons involved in the rate determining step, na, can be estimated from the slope of the Tafel plot. 32 A Tafel slope of 0.0916 mV decade -1 was obtained, indicating that a one-electron process was involved in the rate determining step, assuming a charge transfer coefficient of ac = 0.34.
Chronoamperometric measurements
The chronoamperometry was employed along with other electrochemical methods for the investigation of electrode processes at chemically modified electrodes. Figure 6 shows chronoamperometric measurements of AA at DOHMCPE obtained by setting the working electrode potential at -100 mV (at the first potential step) and at 300 mV (at second potential step) vs. Ag/AgCl electrode for the various concentrations of AA in buffered aqueous solutions (pH 7.00). As can be seen, in the presence of AA, the charge value associated with forward chronoamperometry is significantly greater than that observed for backward chronoamperometry (Fig. 6) .
In chronoamperometric studies, we have determined the diffusion coefficient of AA for a DOHMCPE. For an electroactive material (AA in this case) with a diffusion coefficient of D, the current for the electrochemical reaction (at a mass transport limited rate) is described by the Cottrell equation:
Here D and Cb are the diffusion coefficient (cm 2 s -1 ) and the bulk concentration (mol cm -3 ), respectively. Under diffusion control, a plot of I vs. t -1/2 will be linear, and from the slope the value of D can be obtained. Figure 6A shows the experimental plots with the best fits for different concentration of AA employed. The slopes of the resulting straight lines were plotted versus the AA concentration (Fig. 6 inset B) . The mean value of the D was found to be 2.45 ¥ 10 -5 cm 2 s -1 . We also used chronocoulometry for determination of the electrons involved in the reaction (figures not shown). For an electroactive material with diffusion coefficient D, the charge (Q) corresponding to the electrochemical reaction is described by the Cottrell equation:
The n value (number of electrons) can be determined from slope of the Q -t 1/2 as a function of AA concentration and was found to be 2 (n @ 2.
1). This value is comparable with the values obtained by another technique (CV).
Electrocatalytic determination of AA The electrocatalytic peak current of AA oxidation at the surface of the DOHMCPE can be used for determination of AA in solution. Therefore, cyclic voltammetry and differential pulse voltammetry (DPV) experiments were performed using DOHMCPE in phosphate buffer solution containing various concentrations of AA. The results show the electrocatalytic peak current of AA oxidation at the surface of DOHMCPE was linearly dependent on the AA concentrations. The mediated oxidation peak currents of AA at the surface of a DOHMCPE were proportional to the concentration of the AA within the ranges 5.0 ¥ 10 -5 -9.0 ¥ 10 -3 M (with a correlation coefficient of 0.997) and 3.0 ¥ 10 -6 -1.2 ¥ 10 -4 M (with the correlation coefficient of 0.99) in the cyclic voltammetry (not shown) and differential pulse voltammetry, respectively (Fig. 7) . The decrease of sensitivity (slope) in the second linear range is likely to be due to kinetic limitations. The detection limits (3s) were 6.1 ¥ 10 -6 and 3.8 ¥ 10 -7 M, for CV and DPV, respectively. These values are comparable with the values obtained by other research groups (Table 1) . Thus, the catalytic oxidation of AA can readily be applied to the determination of AA. 
Determination of AA in a real sample
In order to demonstrate the capability of this modified electrode for catalytic oxidation of AA in real samples, we examined this ability in the voltammetric determination of AA in some pharmaceutical preparations, such as effervescent tablets and vitamin C ampoules purchased from local sources without interference from recipients and other drugs encountered. Therefore, we studied the electrochemical behavior of DOHMCPE in 0.1 M phosphate buffer (pH 7.00) containing each pharmaceutical preparation by differential pulse voltammetry. The results for the analysis of these pharmaceutical preparations with the voltammetric method compared favorably with those obtained by the USP standard method (Table 2) .
Conclusion
This work demonstrates the construction of a chemically modified carbon paste electrode by the incorporation of 2,2¢-[3,6-dioxa-1,8-octanediylbis (nitriloethylidyne)]-bis-hydroquinone as modifying species. The electrochemical behavior of the 2,2¢-[3,6-dioxa-1,8-octanediylbis (nitriloethylidyne)]-bis-hydroquinone has been studied by cyclic voltammetry and chronoamperometry in both the absence and the presence of AA. The results show that the oxidation of AA is catalyzed at pH 7.00, whereas the peak potential of AA is shifted by 380 mV to a less positive potential at the surface of the DOHMCPE. High sensitivity and a low detection limit, together with the very easy preparation and easy regeneration of the electrode surface and also long time stability and reproducibility, makes the system discussed above useful in the construction of simple devices for the determination of AA. 
